We have performed a detailed study of the photoluminescence from thin films of blue-light-emitting poly͑9,9-dioctylfluorene͒ containing different fractions of planarized ͑␤-phase͒ chains within the glassy polymer film. By choosing solvents with a range of polarities and boiling points we were able to cast films with reliable control of the relative amounts of ␤-phase chains present. We analyzed the emission spectra in terms of Franck-Condon progressions and found that, at low temperatures ͑8 K͒, the luminescence can be modeled accurately by considering two distinct contributions from the two phases present in the film. The Huang-Rhys parameter for the ␤ phase is shown to be approximately half the value obtained for the glassy phase, in agreement with a more delocalized exciton in the ␤ phase. Time-resolved photoluminescence measurements on a film containing roughly 25% of ␤ phase reveal a fast transfer of excitations from the glassy to the ␤ phase, indicating that the two phases are well intermixed. Assuming the transfer dynamics to be governed by dipoledipole coupling, we obtain a Förster radius of 8.2Ϯ0.6 nm, significantly larger than the radius typically found for excitation transfer within the glassy phase. These results are consistent with the large spectral overlap between the emission of the glassy phase and the absorption of the ␤ phase and explain why the latter dominates the emission even from films containing only a small fraction of ␤-phase chains.
I. INTRODUCTION
Polyfluorenes are a class of organic semiconductors that have been intensely researched over the past few years, 1,2 as they combine efficient blue luminescence with the possibility of chain alignment, allowing light-emitting diodes to be made with linearly polarized emission. [3] [4] [5] The photophysical properties of polyfluorenes are known to vary strongly with the morphology of the film. 1, 2 In poly͑9,9-dioctylfluorene͒ ͑PFO͒, distinct phases have been identified, such as the disordered glassy phase obtained by spin coating from a good solution, and crystalline ␣ and ␤ phases where the PFO chains are considered to be planar, with a longer intrachain correlation and conjugation length in the ␤ phase than in the ␣ phase. 6 The fraction of planarized chains was found to determine the number of triplet excitons and polarons formed in a film 7, 8 and the photoluminescence efficiency. 9 Having good control over the formation of these phases is therefore crucial for the performance of light-emitting diodes. Previous attempts to control the morphology of PFO thin films include thermal and vapor treatment of as-cast films, although morphological differences have also been observed by simply casting films from a variety of solvents. 1, 2, 6, 10, 11 The presence of ␤-phase chains can be identified in absorption measurements by a peak at about 436 nm, just below the main absorption band, and in emission measurements by a vibronic structure that closely resembles the emission of ladder-type poly-para-phenylene ͑LPPP͒, where the poly͑p-phenylene͒ backbone has a fully planarized chemical structure. As glassy and crystalline phases can coexist in a polymer film, their emission spectra are sometimes superimposed and can be difficult to separate unless one phase dominates. Nevertheless, Ariu and co-workers note a strong fraction of luminescence from planarized chains in the emission spectra, even when their contribution to the absorption is low, and suggest that energy migration onto ␤-phase chains might occur. 9, 12 We performed a detailed study of energy transfer from the glassy to the ␤ phase using timeresolved spectroscopy and deduce a large Förster radius of about 8.2 nm. Good control over the formation of the ␤ phase was obtained by spinning thin films from solvents with different polarities and boiling points. We perform a FranckCondon analysis of the luminescence to obtain the HuangRhys parameters of the glassy and ␤ phases along with the relative contributions of either phase to the overall emission.
II. EXPERIMENTAL METHOD
All measurements were made using thin films with a typical thickness of 50-100 nm spun onto quartz substrates from chloroform, toluene, xylene, isodurene, and cyclopentanone solutions of the polymer using a conventional photoresist spin coater. For temperature-dependent absorption measurements, the samples were held in a temperature-controlled continuous flow helium cryostat. Illumination was provided by a 150 W xenon arc lamp dispersed by a Jobin-Yvon monochromator. The transmission was measured with a UVenhanced silicon photodiode and a Stanford Research lock-in amplifier ͑SR830͒. The spectra were corrected for the transmission of the setup. The optical absorption spectra at room temperature were also compared to those measured with a Hewlett-Packard ultraviolet-visible spectrometer and found to be identical. Raman spectra were taken with a Renishaw Raman microscope connected to a spectrometer with a charge-coupled device ͑CCD͒ camera. The excitation wavelength was the 632.8 nm line of a HeNe laser.
Measurements of photoluminescence ͑PL͒ were made with the sample in a continuous-flow helium cryostat. Excitation was provided by the UV lines ͑355 and 365 nm͒ of a continuous wave ͑cw͒ argon ion laser. Typical intensities used were a few mW/mm 2 . The emission spectra were re-corded using a spectrograph with an optical fiber input coupled to a cooled CCD array ͑Oriel Instaspect IV͒. Timeresolved photoluminescence spectroscopy was performed at room temperature using the up-conversion technique. The sample was excited with the frequency-doubled output from a mode-locked Ti:sapphire laser supplying 200 fs pulses at an energy of 3.06 eV and a repetition rate of 76 MHz. The average excitation power was 0.6 mW on a spot of about 110 m diameter. Photoluminescence originating from the sample was collected using dispersion-free optics and upconverted in a ␤ barium borate crystal using the fundamental laser beam at 1.53 eV as a gate. Sum-frequency photons were dispersed in a monochromator, and detected via singlephoton counting. To set the detection polarization with respect to the excitation polarization, the latter was adjusted by rotation of a /2 plate and a Glan-Thompson polarizing prism. All up-conversion measurements shown were taken for collinearly polarized exciting and detected light. The overall temporal resolution was 380 fs, while the spectral resolution of the system was approximately 20 meV. All time-resolved PL spectra were corrected for spectral response by up-converting the light originating from a W filament lamp with known emissivity. The sample was held at a pressure of less than 10 Ϫ6 mbar during measurements to avoid photo-oxidation.
III. RESULTS AND DISCUSSION
A. Absorption and photoluminescence spectroscopy Figure 1 shows the absorption and emission spectra at room temperature from thin films spun from chloroform, toluene, xylene, isodurene, and cyclopentanone solutions. The characteristics of the various solvents are summarized in Table I . We observe the 0-0 and 0-1 vibrational peaks of the absorption due to the crystalline ␤ phase at 2.84 and about 3.08 eV, respectively, 10, 13 for the films spun from cyclopentanone, isodurene, and, to a lesser extent, xylene solution. The absorption of films spun from chloroform or toluene solution shows no such features and is shifted further to the blue. We use the intensity of the 0-0 ␤-phase peak to scale the ␤-phase absorption spectrum 1 and thus to estimate the fraction of the total absorption originating from the planarized chains ͑Table I͒.
An increased formation of planar chains upon spin coating has previously been attributed to poor solvent quality. 10 The character of a solvent can be parametrized in terms of the solubility parameter ␦ ͑also referred to as the Hildebrand parameter͒, which gives a measure for the attractive strength between molecules of a material and corresponds to the square root of the cohesive energy density. 14 The enthalpy of mixing, ⌬H, between polymer and solvent depends on the difference in the solubility parameters of polymer and solvent ͓⌬H/Vϭ(␦ polymer Ϫ␦ solvent ) 2 ⌽ polymer ⌽ solvent , where V is the volume of the mixture and ⌽ is the volume fraction͔, so good mixing is observed when polymer and solvent have the same ␦. On this basis, Grell and co-workers have inferred a ␦ of about 9.1-9.3 (cal/cm 3 
)
1/2 for PFO. 10 However, Fig.  1͑a͒ suggests that, in addition to the solubility parameter, the boiling point of the solvent may also play a vital role in determining the ␤-phase concentration of a spun-cast film. For example, isodurene and chloroform have the same ␦, yet only the film spun from isodurene has a significant fraction of ␤ phase. Similarly, toluene and xylene have very close solubility parameters yet give rise to different amounts of ␤ phase. In either case the solvent with the higher boiling point has an increased ␤-phase concentration. This fact might help explain the mechanism that promotes ␤-phase formation in spun-cast films. ␤-phase formation was also observed after slow thermal cycling or exposure to solvent vapor. It was argued that the thermal contraction and expansion cycles or the swelling induced by solvent vapor may cause a mechanical stress which causes the polyfluorene chains to adopt a planar conformation. 6, 15 We consider that a similar mechanical stress may apply during spin casting from a moderately poor solvent. A poor solvation environment may assist a tendency to crystallization. Moreover, the polymer will fall out of solution before the solvent fully dissipates. This mechanism is sensitive not only to thermodynamical parameters like the enthalpy of mixing, but also to the kinetics of film formation, and it can therefore be influenced by the boiling point of the solvent. When the boiling point is low, as for chloroform, there is little time between the polymer falling out of solution and the film drying. In contrast, in a solvent with high boiling point such as isodurene, the solution be- comes increasingly concentrated during spin casting, until eventually the polymer falls out while the film is still wet and spinning. It can thus be stressed by the remaining escaping solvent. We note that we found the fraction of ␤-phase formation by spin coating to be well reproducible, except for xylene where some variation occurred. Figure 1͑b͒ shows that the fraction of emission originating from the ␤ phase varies more strongly with solvent than the fraction of absorption observed in Fig. 1͑a͒ . In the cyclopentanone-and isodurene-spun films, the planarized chains account for 20% and 25% of the total absorption. However, all of the emission from these films appears to come from the ␤ phase; the 0-0 peak of the emission is at about 2.81 eV, and the vibronic structure is characteristic for ␤-phase emission. 1 This suggests an efficient mechanism of energy transfer from nonplanar, disordered chains in the glassy phase to planar chains in the crystalline phase. In contrast, in the films spun from chloroform and toluene, we observe emission mainly from the nonplanar, disordered chains; the 0-0 peak of emission occurs at 2.91 eV and the vibronic structure is different. The film spun from xylene seems to be a superposition of the two extreme cases.
From here onward we will consider only the solvents cyclopentanone, xylene, and chloroform as a representative of each case. In order to determine accurately the fraction of emission from the glassy and ␤ phases we have performed a Franck-Condon analysis on the low-temperature spectra shown in Fig. 2 , which have a higher vibrational resolution than the room temperature spectra. The corresponding absorption spectra are also shown. Overall, the absorption gains vibrational resolution and shifts slightly to the red upon cooling. The low-temperature emission spectrum of the cyclopentanone-spun film very closely resembles that of a fully planar methyl-substituted ladder-type poly-paraphenylene ͑MeLPPP͒ and has been attributed to ␤-phase emission.
1 The narrow 0-0 peak of the ␤-phase emission at 2.78 eV in the cyclopentanone-spun film can be clearly identified as a peak in the xylene-spun film and as a small shoulder in the chloroform-spun film. Thus, some fraction of ␤-phase emission seems to occur even from the chloroformspun films. We note that upon cooling the 0-0 position for the luminescence shifts to the red by about 27 meV for both emission from the nonplanar chains in the glassy phase and emission from the planarized chains in the ␤ phase. In fact, a redshift of approximately 20 meV has also been observed for the rigid, fully planar MeLPPP. 16 This confirms the argument put forward by Bässler and Schweitzer which attributes the bathochromic shift to the temperature dependence of the electronic relaxation process rather than the freezing out of torsional modes. 17 A Franck-Condon analysis was carried out on the spectra taken at 10 K. The optical densities at the peak of absorption are 1.55, 0.885, and 1.33 for the films spun from chloroform, xylene, and cyclopentanone, respectively. As evident from Fig. 2 , there is no noticeable overlap of absorption and emission for the films spun from chloroform and xylene, and consequently no corrections were made for self-absorption. For the film spun from cyclopentanone, there is a rise in baseline of Fig. 2͑b͒ in the relevant energy range of 2.75-2.80 eV, which can be caused by absorption or increased scattering. Self-absorption would affect the height of the 0-0 peak, and thus the value of the Huang-Rhys parameter. Since there is excellent agreement between the Franck-Condon simulated spectrum and the experimentally measured spectrum even for the 0-2 vibrational transitions ͑vide infra͒, we consider that self-absorption does not play a significant role, and that the rise in the baseline in Fig. 2͑b͒ reflects an increase in light scattering ͑which is enhanced in this sample since it contains more microcrystalline domains͒.
B. Franck-Condon analysis
The vibronic structure of the photoluminescence in conjugated polymers is determined by the Franck-Condon factors. The emission spectrum P(ប) in photons/energy interval can be modeled as 18, 19 The luminescence ͑a͒ and absorption ͑b͒ spectra at 10 and 8 K, respectively, of thin films of PFO spun from chloroform ͑top͒, xylene ͑middle͒, and cyclopentanone ͑bottom͒. The room temperature spectra are also shown for comparison.
where ប 0 is the energy of the 0-0 peak, ប i are the vibrational energies of the modes i, n i ϭ0,1,2,3,4 denotes the number of vibrational overtones, ⌫ is the Gaussian line shape operator ͑and was kept at constant full width at half maximum for all modes i and overtones n i ), n is the refractive index, and I 0-n i is the intensity of the 0-n i vibronic transition of the mode i. I 0-n i is related to the Huang-Rhys parameter S i by
Thus, the ratio of the 0-0 peak to the 0-1 peak gives the Huang-Rhys parameter of a particular vibrational mode. 17 The total Huang-Rhys parameter is the sum over all the individual modes. It is a measure of the difference between the ground and excited state geometries and is related to the relaxation energy E rel by E rel ϭ ͚ i S i ប i . To determine the vibrational energies ប i we took Raman spectra from the films spun from the three solvents ͑Fig. 3͒. The spectrum obtained from xylene is nearly identical to that from chloroform and is therefore not shown. The spectra are characterized by a strong mode at 1605 cm Ϫ1 , attributed to a ring stretching mode, and a number of modes between 1100 and 1400 cm Ϫ1 which have been attributed to C-C stretching modes between phenylene rings and C-H in-plane bending modes. 11, 12 The peaks in the 1100-1400 cm Ϫ1 range take a higher relative intensity in the film spun from cyclopentanone, which is rich in ␤ phase, than in the films spun from chloroform or xylene. This is consistent with the higher intensity reported for these peaks by Ariu et al. for the vaportreated film compared to the spin-coated film, where the former has more ␤ phase than the latter. 20 For the FranckCondon modeling, we considered seven modes i and n i ϭ4 overtones for each mode. Specifically, we considered mode 7 at 1605 cm Ϫ1 , modes 6 -4, which we placed at about 1137, 1282, and 1411 cm Ϫ1 to account for the number of peaks in the 1400-1100 cm Ϫ1 range, and three other lower-energy modes ͑3-1͒ taken at 604, 806, and 838 cm Ϫ1 . The index of refraction was measured by ellipsometry 21 and is shown as the inset to Fig. 3 . Its dependence on the photon energy cannot be neglected as is evident from the strong dispersion we observe in the energy range of emission ͑above 2.6 eV͒. Figure 4 shows the emission together with best fits to Eq. The photoluminescence spectrum at 10 K of PFO ͑dot-ted line͒ and its Franck-Condon fit ͑solid line͒ for a film spun from chloroform ͑a͒, xylene ͑b͒, and cyclopentanone ͑c͒. ͑a͒ and ͑b͒ show the fits to the ␤ phase, glassy phase, and their sum ͑offset from bottom to top͒. A broad Gaussian background was subtracted from the data in ͑a͒ and ͑b͒ and is also shown ͑dashed line͒. In ͑c͒, the positions of the 0-0, 0-1, and 0-2 vibrational transitions are indicated for the ␤ phase.
͑1͒ from the films. To fit the emission, we varied the intensities of the 0-1 transitions for the seven modes, and the Gaussian linewidth, and compared the resulting emission spectrum according to Eq. ͑1͒ with the experimental spectrum. Table II lists the total Huang-Rhys parameters and their distribution over the different modes as well as the linewidths and the relaxation energies obtained for the different films. We have grouped the modes 6ϩ5ϩ4 and 3ϩ2ϩ1 together as they are energetically closely spaced and the distribution of intensity between them can therefore be varied to some extent without affecting their sum. For the film spun from cyclopentanone, an excellent agreement can be obtained by assuming a single emission with the 0-0 origin at 2.78 eV. We find the ␤ phase to have a low overall HuangRhys parameter of 0.6 and a narrow linewidth of 25 meV. The low Huang-Rhys parameter implies not only a welldelocalized excited state, but also that there is little geometric relaxation following a transition from the excited state to the ground state indicating that both states are associated with fairly planar conformations.
In contrast, we were unable to model the emission of the film spun from xylene and chloroform by a single FranckCondon progression, while a suitable fit was obtained using a superposition of two progressions. To obtain a good fit it was necessary to subtract a broad Gaussian peak centered around 2.3 eV, which we attribute to some aggregation or defect sites.
1 Figures 4͑a͒ and 4͑b͒ show the emission from films spun from chloroform and xylene along with the fit and its two components. We assume one component to be the ␤ phase, taking the 0-0 peak to be at 2.78 eV and using the same Huang-Rhys parameters as determined for the film spun from cyclopentanone solution. A slightly wider Gaussian linewidth of 34 meV is required for a good fit. In the second component we place the 0-0 position at 2.89 eV, the peak position of the glassy phase. We find that this glassy phase has a much wider linewidth of about 62 meV for the chloroform-spun film and 64 meV for the xylene-spun film. The wide linewidth and the associated high amount of inhomogeneous broadening in the glassy phase compared to the crystalline ␤ phase is indicative of a high degree of configurational disorder. 17 The total Huang-Rhys parameter for the glassy phase is 1.4 ͑1.9͒ for the chloroform-spun ͑xylene-spun͒ film. This is two ͑three͒ times the value for the crystalline phase and suggests that significant geometric relaxation occurs after the transition, most likely caused by the transition from a more planar excited state to a nonplanar ground state. Correspondingly, we find the geometric relaxation energy is also two ͑three͒ times higher in the glassy phase than in the ␤ phase in the xylene-spun ͑chloroform-spun͒ film. We note that the transition from a more planar excited state to a nonplanar ground state is expected to couple to modes associated with torsions between phenyl rings. [22] [23] [24] These torsional modes occur around 70 cm Ϫ1 ͑about 9 meV͒, and can therefore not be resolved from the actual 0-0 transition, 22, 24 ,25 yet they cause the Huang-Rhys parameter to be actually underestimated. 22 The values we determine for the Huang-Rhys parameter are in good agreement with the Sϭ0.65 estimated by Guha et al. for methylsubstituted ladder-type poly-para-phenylene and Sϭ1.2 for para-hexaphenyl. 16 We note that two closely spaced electronic states which depend on the degree of morphological disorder were previously also observed for poly͑para-phenylene vinylene͒. 19 From the fits we have also determined the contribution of either phase to the total emission spectrum given in Table I . In particular, the films spun from xylene and chloroform demonstrate how the emission is sensitively affected even by a small fraction of ␤ phase that is hardly noticeable in the absorption spectrum.
C. Time-resolved photoluminescence from cyclopentanone film
The dominance of ␤-phase emission from films which contain a relatively small fraction of ␤-phase chains suggests the existence of a fast transfer of photoexcitations from glassy phase to ␤-phase chains. This should be expected since the relatively strong overlap between the emission of the glassy phase and the ␤-phase absorption will allow efficient Förster energy transfer to occur between the two phases, if they are sufficiently well intermixed. In a recent report by Ariu and co-workers, energy transfer was suggested to occur on time scales faster than 5 ps, the time resolution of their system. 12 In order to study the dynamics of this excitation transfer we have here performed timeresolved photoluminescence measurements at room temperature on thin films spun cast from cyclopentanone solution. As mentioned earlier, these films feature a ␤-phase contribution of 25% to the total absorption both at room temperature and at 8 K ͑see Fig. 2͒ , while the time-integrated emission is completely dominated by the ␤ phase. These films are therefore ideal samples for investigating the excitation transfer dynamics between the two phases. Figure 5͑a͒ shows the time-resolved emission spectra of such a film for various times after excitation. At the photon energy of 3.06 eV excitations will be created in both the glassy phase and the ␤ phase, and the emission at early times after excitation should therefore contain both components. This is indeed what we observe: at early times ͑0.2 ps͒ the emission spectrum reveals a peak at Ϸ2.92 eV which we attribute to the ͑0-0͒ transition of the glassy phase, while the spectrally narrow peak at 2.80 eV can be identified as the ͑0-0͒ emission peak of the ␤ phase. At energies below 2.92 eV the early spectrum is a superposition of both glassy phase and ␤-phase contributions and the dynamics in the first few picoseconds vary strongly across the spectrum. At 2.93 and 2.72 eV ͓arrows ͑ii͒ and ͑iv͒ in Fig. 5͑a͔͒ the PL emitted decreases rapidly within the first few picoseconds, while an increase is found at 2.62 and 2.80 eV ͓arrows ͑i͒ and ͑iii͒ in Fig. 5͑a͔͒ . These changes are further illustrated by the photoluminescence transients given in Fig. 5͑b͒ : at 2.96 eV the PL decays rapidly with a 1/e time of 3 ps, while an increase on a similar time scale can be seen at 2.80 eV. The dynamics presented in Fig. 5 strongly suggest that excitation transfer occurs from the glassy phase to the ␤ phase, most of which is completed within a few picoseconds. In order to study the transfer processes in this system in more detail, we focus in the following on the PL decay at 2.96 eV, since the emission in this region of the spectrum is originating solely from the glassy phase. Assuming a transfer mechanism based on Förster dipole-dipole coupling, the emission I G of the donor ͑i.e., the glassy phase͒ can be described by 26, 27 
where is the natural lifetime of the glassy phase in the absence of the acceptor ͑i.e., the ␤ phase͒, and ␥ is related to the Förster radius R 0 via
͑4͒
with c ␤ being the density of ␤-phase chromophores and 0 the radiative lifetime of the glassy phase. 27, 28 Here, the För-ster radius R 0 corresponds to the separation between donor and acceptor chromophores at which transfer of an excitation from the donor to the acceptor is as likely to occur as radiative decay on the donor. The effective Förster radius R 0 eff , on the other hand, is the donor-acceptor separation at which transfer of an excitation from the donor to the acceptor is as likely to occur as any other means of donor de-excitation. The two radii are linked through
where ⌽ is the quantum efficiency of the donor. 28 Typical natural lifetimes measured for the glassy phase of PFO are of the order of a few hundred picoseconds. 9, 29 Since the transfer from the glassy phase to the ␤ phase occurs on a much faster time scale, the first part of the exponential in Eq. ͑3͒ may be neglected. Plotting the PL decay of the glassy phase at 2.96 eV on a semilogarithmic scale against the square root of time after excitation should consequently lead to a linear appearance of the data, which is what we observe ͑see Fig. 6͒ . The description of the excitation transfer in terms of a Förster model therefore seems appropriate here. Figure 6 shows the best fit to these data using Eq. ͑3͒ ͑and neglecting the natural donor decay͒ from which we obtain a value of ␥ϭ0.305Ϯ0.009 ps Ϫ1/2
. In order to extract the För-ster radius R 0 from this value using Eq. ͑4͒, the radiative lifetime of the glassy phase 0 and the chromophore density of the ␤ phase c ␤ need to be known. Ariu et al. 9 have determined the PL quantum efficiencies at room temperature for an as-spun-cast glassy and a ␤-phase containing film to be ⌽ϭ0.53 and 0.55, respectively, with a corresponding natural PL lifetime of ϭ430Ϯ10 ps for both films. Assuming a relation of ϭ⌽ 0 between the natural and the radiative lifetimes, 30 we arrive at a value of 0 ϭ811Ϯ19 ps for the glassy phase. To obtain an estimate of the chromophore density of the ␤ phase, c ␤ , we link this parameter to the chromophore density of the as-spun-cast glassy phase c g using
where f is the fraction of the total chromophores present in the ␤ phase and b is a factor which accounts for changes to the chromophore density due to conformational changes between the glassy and the ␤ phase. Stevens et al. have determined a ground state density c g ϭ2ϫ10 19 cm Ϫ3 for PFO in a purely glassy phase from careful modeling of photobleaching experiments. 31 In order to determine f we consider that the radiative lifetime of the glassy phase and the ␤ phase appear to be very similar indicating an almost identical oscillator strength for both phases. The fraction of ␤-phase chromophores in the film we investigated should therefore be the same as the ␤-phase contribution to the absorption, that is, f ϭ0.25. To address the way in which conformational changes between the glassy and the ␤ phase affect the average chromophore density in a film containing some ␤-phase chains we need to take into account that in the ␤ phase the intrachain correlation length was found 6 to be longer ͑22 nm͒ than in the glassy phase ͑8 nm͒ by a factor of rϭ2.75. Assuming that a chromophore comprises one correlated chain segment, the numbers n g and n ␤ of glassy phase and ␤-phase chromophores supported on one chain are related to the chain length L through Lϭn g ϫ8 nmϩn ␤ ϫ22 nm. In a purely glassy phase film, on the other hand, the whole chain consists of a number n g Ј of glassy phase chromophores, or Lϭn g Јϫ8 nm. The reduction in the total number of chromophores due to the presence of some ␤ phase in the film is therefore given by
and with the fraction f ϭn ␤ /(n g ϩn ␤ ) we obtain
However, additional influence on the chromophore density from the presence of the ␤ phase may originate from changes in the interchain order. The formation of a ␤ phase has been shown to be correlated with an enhancement of interchain order with respect to the glassy phase. 6 This could result in denser packing of chromophores, corresponding to an increase in b. However, the fast transfer dynamics we observe indicate that the two phases are well intermixed, so that these effects should be relatively small. The parameter b is therefore likely to lie somewhere in the range between 0.7 and 1, or bϭ0.85Ϯ0. 15 . Estimating a 10% error in the values of c g and f, we obtain a ␤-phase chromophore density of c ␤ ϭ(0.43Ϯ0.10)ϫ10 19 cm Ϫ3 for our sample, and using Eq. ͑4͒ we determine a Förster radius of R 0 ϭ8.2Ϯ0.6 nm for excitation transfer from the glassy to the ␤ phase. It should be noted that the effective Förster radius for this transfer may be much smaller, depending on the quantum efficiency of the film ͓see Eq. ͑5͔͒. It would be interesting to compare this value to the Förster radius R 0 g found for excitation transfer occuring solely between chromophores of the glassy phase. Meskers et al. 32 have undertaken a detailed study of the exciton migration in poly͑2-ethylhexyl fluorene͒ ͑PF2/6͒, which does usually not support the formation of a ␤ phase 2, 33 and find an effective Förster radius of 3 nm for a sample which has a natural PL lifetime of 300 ps. If we assume the radiative lifetime of excitons located on glassy chains in PFO and PF2/6 to be similar, the PF2/6 sample studied by Meskers et al. should have had a quantum efficiency of 0.37 and consequently a Förster radius R 0 g Ϸ3.5 nm according to Eq. ͑5͒. This Förster radius for transfer within the glassy phase of PF2/6 ͑3.5 nm͒ is significantly lower than the För-ster radius we determine for exciton transfer from the glassy to the ␤ phase in PFO ͑8.2 nm͒. Such a result should be expected since the spectral overlap between the emission and the absorption of the glassy phase is rather limited, while the emission of the glassy phase of PFO overlaps to a large extent with the ͑0-0͒ transition in the ␤-phase absorption.
Finally, some caution is required when applying Förster's theory to these systems, since the exciton in conjugated polymers tends to be partly delocalized over a chain segment and may therefore no longer be considered as a point dipole. Recent quantum chemical calculations have indicated that for chain segments separated by a few angstroms significant deviations from Förster's theory are to be expected. 34 These effects should be strongest at very early times after excitation ͑р1 ps͒ when the transfer dynamics are dominated by nearest-neighbor transfers. It has also been suggested 35, 36 that excitation transfer in conjugated polymers is generally preceeded by migration of excitons within the donor. However, for the sample we investigated, the ␤-phase concentration is so high that direct transfer of excitons to the ␤ phase should be the most dominant transfer mechanism.
IV. CONCLUSIONS
We have presented a detailed study of the interrelationship between morphology and photophysics in thin films of PFO. Small amounts of the crystalline ␤ phase dominate the emission characteristics. The formation of the two phases during spin coating can be controlled reliably through the choice of the boiling point and solubility parameter of the solvent. A Franck-Condon analysis has shown that the planar chains are characterized by a low Huang-Rhys parameter, consistent with well delocalized excited states, while the nonplanar chains of the glassy phase show high values for the Huang-Rhys parameter. The close intermixing of the two phases and the large spectral overlap of emission from the glassy phase and absorption from the ␤ phase lead to efficient transfer on a subpicosecond time scale with a Förster radius of about 8 nm. As a result, the steady state emission spectra show a significant fraction of emission from the ␤ phase if only a few percent of the chains are planarized.
